Abstract. Just like every economic activity, aquaculture has a particular effect on environment, which manifests itself due to waste through declining quality of subterranean water and eutrophication of surrounding surface water. Less than half of the feed in aquaculture is digested and assimilated, the rest ending up as waste either solid or dissolved and the nutrients phosphorus (P) and nitrogen (N) that are derived from fish excretion, faeces, and uneaten feed. The advantage of recirculating aquaculture systems (RAS) is that their wastewater discharges are 10-100 times lower and pollutant concentration respectively 10-100 times higher and can reach the level of pollution of household waste. This makes the pollution much easier to control. Additionally, striving to ensure and improve the stability and longevity of RAS, additional technological solutions, warranting the reduction of the amount of used water, waste concentration increase and their secondary utilization as bio stock are added. This article presents the research information from the engineering perspective, summarizing RAS design sensitive data concerning aquacultural waste components excreted in RAS.
Introduction
Like every economic activity, aquaculture has a particular effect on environment, which manifests itself due to waste through declining quality of subterranean water and eutrophication of surrounding surface water.
Based on the ability to control the environmental effect aquaculture systems can be separated as follows (Brazil, 2001) :
-uncontrollable (growing produce in net pens in open bodies of water); -with a limited ability of control (pond production, flow-through basins); -with the full ability of control (recirculating aquaculture system -RAS). Ponds and fish-pots are the main methods of aquacultural production at the moment because of their simplicity, low energy consumption and because aquaculture is developed in economically underdeveloped countries with cheap labour force.
Intensive aquaculture systems are divided into flowthrough (consuming more than 50 m 3 of water for one kilogram of feed, partial reuse recirculating (1-50 m 3 /kg of feed), -closed recirculating (0.1-1 m 3 /kg) and new generation innovative recirculating (<0.1 m 3 /kg) systems (Martins et al., 2010) . RAS were created and are becoming popular in countries that have a shortage of water and land resources and have to cope with more strict environmental protection regulations (SustainAqua, 2009) .
Intensive RAS are independent from water sources and are built within premises, which provide additional social and economic benefit for landscape and the ability to grow even exotic produce near markets, thus decreasing waste and costs associated with transportation. Additionally, striving to ensure and improve the stability and longevity of RAS, additional technological solutions, warranting the reduction of the amount of used water, waste concentration increase and their secondary utilization as bio stock are added.
Establishment of RAS is generally associated with higher investment and exploitation costs. This is still evolving aquacultural production technology and its economic feasibility is still dependant on many factors like production market price, management techniques, system design and capacity, etc. (Badiola et al., 2012; Malone, 2013; Liu et al., 2016) . Scientific research and engineering efforts are oriented towards reducing costs of the production raised in RAS at the same time to ensure the sustainability of this production method (Aquaetreat, 2007; SustainAqua, 2009 ).
Waste in closed recirculating systems
The environmental effect of waste from aquaculture farms, among them from RAS -not to mention here therapeutants and chemical residues -manifests itself through various dissolved and insoluble organic matter and nutrients (nitrogen and phosphorus) which are released to the environment as a consequence of their activities.
The biggest obstacle for economically justified waste purification from intensive aquaculture farms, util-izing flow-through or reservoir systems, is large amount of discharge with low concentration of pollutants for further wastewater treatment. The discharge of wastewater from RAS is 10-100 times smaller and pollutant concentration respectively 10-100 times higher (Blancheton et al., 2007) and can reach the level the pollution comparable to household waste (Table 1) . This allows organize a simpler and more effective waste purification. Possible RAS wastewater remediation options include treating it outside the growing facilities using conventional wastewater treatment methods (Mirzoyan et al., 2010) even with connecting to centralized wastewater treatment facilities when it is possible (van Gorder, 2001) , treatment in wetlands (Michael, 2003; Sindilariu et al., 2009; Ozbay et al., 2014) , using it in integrated agriculturalaquacultural systems for vermicomposting, composting, and land application (Adler, 2000; Integrated…, 2003; Lekang, 2008) or in aquaponics systems (Rakocy et al., 2006; Kloas et al., 2015) . Another possibility is to incorporate additional technologies in RAS water treatment loop for more efficient removal of nutrients and organic pollution (Barak, van Rijn, 2000 , Shnel et al., 2002 .
In RAS waste there is less suspended solids and the BOD 5 (Biochemical oxygen demand) index is lower. The amount of total ammonia nitrogen in fresh RAS waste is significantly lower, but it can markedly increase as anaerobic mineralization processes begin. In the content of mechanic filter flush, after 4 weeks in sludge thickening containers, due to processes of organic matter decomposition, the concentration of dissolved nitrogen and phosphorus increased seven or eight-fold, the BOD 5 index increased almost twenty times (Summerfelt, Vinci, 2003) .
Increasing the rate of water circulation is associated with the use of additional process water treatment technologies which, in turn, increases the cost of investments, and exploitation, but allows to get more concentrated waste (Table 2) . Thus, when designing RAS, finding a balance between its complexity and the rate of decreasing water consumption is required. For example, 90 percent rate of circulation is much simpler technologically than 95 percent, because for renewing more water in the system, simplifies water treatment unit of the RAS. The main pollution in aquaculture systems is generated by metabolism of cultivated organisms (Bovendeur, 1989 , Heinsbroek, Kamstra, 1990 , Timmons, Ebeling, 2007 . Objects of aquaculture are coldblooded and their activeness and the assimilation of feed varies according to water temperature. The growth rate for the same species may vary even twofold in acceptable temperature range (Person-LeRuyet et al., 2004; Handeland et al., 2008) . Thus, the total pollution produced in the system is calculated according to the amount of consumed feed. Amount of produced waste, re-calculated for one kilogram of fed feed based on various analysis are presented in Table 3 .
Pollution in aquaculture systems can be reduced by manipulating the composition of feed. It is important to use feed with a balanced composition of amino acids so that the feed would be assimilated in its entirety, i.e. would be used for body mass growth, part of the protein could be changed with fat and carbohydrates, which would increase the energy value of the feed and at the same time decrease the amount consumed, i.e. improve the feed conversion index (Design…, 1991). Only a part (less than half) of the energy in feed is used for the growth of the organism (Goryczko, 1999) . The other part is disposed through urine and gill in a form of nitrogen composites, used to ensure metabolism and emitted as heat, and finally, part is disposed as excrements. In total, only up to 30% of feed nutrients are assimilited for growing purposes (Avnimelech, 2006) . The emitted waste can take soluble form, (ammonia, nitrates, nitrites, phosphorus, and organic matter) and in the form of solid particles (unconsumed feed and excrements, excreted as part of organism vital processes). The majority of dissolved pollutants are nutritional materials that cause eutrophication of water bodies (Ozbay et al., 2014) .
Feed conversion ratio has decreased significantly over the last few decades. This especially can be said about salmonid fish industry -for example in Norwegian farms it decreased from 3.5 in 1975 to 1 and lower today. This index, though of great importance, does not unambiguously determine the excretion of waste in fish farms (the amount of pollutants depends on other parameters as well -rearing methods, feeding practices, feed composition and its assimilation rate. That's why setting and following the best management practice in the general aquaculture industry applies to the management of RAS as well (Boyd, 2003; Summerfield, Vinci, 2008; Ozbay et al., 2014) . Generally for above mentioned reasons experiments, seeking to examine the assimilation of nutritional matter in feed produced very different results. The majority of ammonia is excreted in soluble form and phosphorus as solid fraction. The general spread of research results is presented in Table 4 , index for particular fish species -in Table 5 . Piedrahita (2003) presents theoretically calculated total emission of total suspended solid (TSS) and nutrients (N and P) in various growing systems, calculations were done based on feed composition, feed conversion coefficient and amount of used water for one kilogram of grown fish (Table 6 ). In calculations, this starting data was accepted: for nitrogen: for cold water fish farms -0.06 kg nitrogen per kg of feed -50%, protein in feed and 30% nitrogen assimilation, for warm water fish farms -0.04 kg nitrogen per kg of feed -35%, protein in feed and 30% nitrogen assimilation;
for phosphorus: for cold water fish farms: -0.007 kg phosphorus per kg of feed -1% phosphorus in feed and 30% phosphorus assimilation, for warm water farms -0.014 kg phosphorus per kg of feed 2% phosphorus of feed and 30% phosphorus assimilation; concentration of total suspended solids: for cold water farms -0.5 kg total suspended solids per kg of feed, warm water farms -0.7 kg total suspended solids per kg of feed.
Accepted feed conversion ratio is 1.0 -for cold water farms and 2.0 -for warm water farms.
Calculations in Table 6 , even though based on simplifying assumptions, allows to conclude that warm water farms generate waste of higher concentration because of lower water consumption and higher feed conversion ratio, typical to warm water fish species, whose digestive peculiarities and nutritional needs are different from coldwater fish. Also, warm water fish are less sensitive to water quality -they are more resistant to higher concentrations of ammonia, lower amount of oxygen dissolved in water and higher amount of carbon dioxide and suspended solid (Table 7) . We can also see here that RAS effluents, because of lower hydraulic loading rate on subsequent treatment facilities and higher pollutant concentration, are easier to be treated before releasing waste into bodies of water (Piedrahita, 2003) . 50-400 pH 6.5-8.2 6.5-8.5
Suspended solids in RAS waste
It is considered that with the right feeding strategy, 30% of pollution consists of suspended solids, which determine the turbidity index and BOD. They have to be disposed of as soon as possible so that they would not go into soluble state. BOD does not have direct influence on the fish, but its indirect effects can manifest through additional oxygen consumption, decrease in nitrification biofilter performance efficiency, stimulation of pathogenic organism and bacteria growth (Timmons, Losordo, 1994) . One kilogram of fed feed emits 0.43 kg of suspended solids, additional 9% suspended solids of feed emerge from activity of heterotrophic organisms and another 0.09% -due to activity of nitrification bacteria. In total, up to 52% of feed, fed to the fish, is converted to suspended solids (Summerfelt et al., 2001) , in the process of mineralization, in which oxygen is consumed. In intensive RAS, in which there is limited water renewal and insufficient mechanical filtration of recirculating water, insoluble particles, emitting organic pollution in closed systems, can accumulate in the water. This problem is particularly relevant to RAS, because 67% of sinking particles are from 1.5 to 30 m in size, i.e. they are hard to, or almost impossible to eliminate in the precipitation process (Timmons, Losordo, 1994) .
Physical properties of undissolved particles in RAS depend largely on the composition of feed and grown organisms. Excrements of fish who feed on feed of high energetic value and high amount of fat (e.g. salmon) sink better than those of the fish, feeding on feed with higher carbohydrate part (e.g. tilapia).
The first step in treatment of recirculating water in RAS, intended to dispose of suspended solids is mechanical filtration. Theoretically, various technologies, such as settling basins, pressurised bead, sand filter and drum filter can be used to achieve this. Their use depends on the rearing stage (eggs, fry, fingerling, and market fish), volume of production and specific requirements for water quality in the system. Effectiveness of separate technologies and recommendations for use can be found in literature (Timmons, Losordo, 1994) .
The most widely practically used technology for this process in RAS of commercial farms is drum filters, with openings of 60-100 µm in diameter in the filtration mesh, quite effectively disposes of suspended solids -46% of suspended solids and with them, around 45% organic pollution (BOD) and 30% total phosphorus (Timmons, Ebeling, 2007) . A part of nitrogen and phosphorus are also disposes alongside suspended solids (Table 8, In such technological scheme, waste removal usually occurs through concentrated flow, obtained from washing of mechanical filter 1-2% of total circulating RAS discharge (Bergheim et al., 1993) and stream, obtained from self-transfusion of accumulation containment which is equal to the renewable water flow in the system and whose pollutant concentration usually does not differ from the concentration of particles, circulating in the system. But, as we can see, even RAS waste are characterised by low concentration of suspended solids. Suspended solid concentration even in waste from drum filter washing is around 0.5%. For comparison -suspended solids concentration in waste from swine-breeding and aviculture complexes is from 5% to 15%.
Because solids in aquaculture farm waste are mostly of organic origin, their oxidation decreases the amount of dissolved oxygen in the water and disperses nutritional substances. This fraction of undissolved waste, accumulating at the bottom, creates favourable conditions for growth of various harmful microorganisms, and anaerobic processes in the sediment encourage emission of toxic composites. According to research, presented in (Aquaculture..., 1990), sediments in aquaculture farm waste emit gas with the composition of 70-90% methane, 10-30% -carbon dioxide and 1-2% sulphur hydrogen. All of these composited are toxic to water organisms.
The amount of sediment firstly depends on the amount of feed, i.e. from the size of grown organisms because they are fed based on their weight. Various researches have shown that the undissolved fraction constitutes from 200 to 1000 kg for one tonne of grown produce. In industrial project calculations it is agreed, that one kilogram of fed feed generates 300 grams of sediment. Research under industrial conditions present values from 200 g to 400 g per kilo of feed and underlines, that it is unreal to expect less than 200 g of sediment in real growing conditions, and values higher than 450 g do not appear as well (Aquaculture..., 1990), because that would tell about uneconomical use of feed and would extremely increase the first cost of produce, as the cost of feed in RAS produce usually consists 50-60% of ready produce price.
Nitrogen in RAS waste
Generally, in closed artificial ecosystem, with marginal renewal of water volume, nitrogen begins to accumulate. Fish in RAS are fed with feed with a lot of protein (30-60%) in its composition. Nitrogen from protein, used up during fish vital processes is emitted through gill -60-90 % -as ammonia and 9-27 % as urea. For example, salmon absorbs only around 58% of feed protein. Thus around 25% of nitrogen in feed is emitted through gill and with excrements (Hagopian, Riley, 1998) .
Resulting from protein metabolism is soluble ammonia. Non-dissociated form of ammonia is toxic for water organisms even in marginal concentrations ( Table  9 ). The degree of ammonia dissociation directly depends on water temperature and pH.
Nitrogen makes up 16%, of protein, thus its emission depends on the amount of protein in the feed (Webster, Lim, 2002) . Organisms of different species have different protein requirements -in ration of predator fish it makes up 35-45% (more for salmon fish, less for catfish), non-predator fish (tilapia) -26-30% (Hasan, 2000) .
Also, ammonia in RAS is emitted during ammonification of nitrogen, when protein and amino acids, during oxidization process, leach ammonia from non-disposed fish excrements and remnants of feed. Recommended to not exceed due to slowed growth (Schrama et al., 2010) Organic nitrogen does not directly cause need for oxygen, but it is required for ammonia nitrogen, emitted during the process of hydrolysis. Because in RAS significant attention is given to suspended solids control by mechanic filtration and, depending on needs for water quality, with the help of other processes -foam fractionation, ozonation, etc. (Wheaton, 1995) , part of ammonia, produced during ammonification of organic nitrogen in RAS, is considered not excessive if it makes up 5% of their total amount.
Phosphorus in RAS waste
In freshwater bodies, phosphorus is the main limiting factor for development of flora. Unused feed phosphorus in aquaculture, make its way to environment and encourages eutrophication.
Commercial feed in their composition have a surplus of phosphorus because not all phosphorus composites are absorbed by organisms. In many of compound feed ingredients, such as fish or soy flour there is a part of phosphorus that the organisms are unable to absorb (Vestrum, 2013) .
The main part of phosphorus is in undissolved fraction (Cripps, Berheim, 2000) , i.e. is not assimilated (Tables 3 and 4), thus can be successfully disposed of during processes of suspended solids removal. Removal of dissolved phosphorus (mainly in form of phosphates (PO 4 )) is complicated, thus the main strategy of its pollution reduction is using feed that has only the amount of it nutritionally justifiable (Hardy, Gatlin, 2002) . The majority of phosphorus composites are difficult to assimilate, thus it is considered that in the diet of reared organisms there should be no more than 0.3-0.8% P. Research has shown, that when growing trout in RAS, if the amount of assimilated phosphorus in feed reaches 0.7%, 0.9 mg of soluble phosphorus is emitted for every kilogram of the fish (Flimlin et al., 2001) . Dissolved phosphorus is the excess of assimilated phosphorus, which means that, in ideal conditions, there shouldn't be excess of assimilated phosphorus in the diet. Feeding salmon fish with feed with reduced amount of phosphorus (0.8%), compared with standard (1.2%), amount of phosphorus in waste had decreased by 33% (Barrows et al., 1996) .
It is worth noting, that the assimilation of phosphorus, for different species of fish, depends on the composition of feed. For example, tilapia assimilates only 65% of phosphorus in fishmeal compared to salmon, and carp practically does not assimilate it at all -it requires phosphorus from plant-based ingredients (Beveridge, 1984) .
Advantage of RAS in controlling waste, produced in aquaculture farms
The main advantage of RAS is the possibility to get a concentrated discharge of waste that is suitable for further purification or secondary use in economically justified way. Additional benefit of such systems is the possibility to control the amount of waste by organizing effective feeding with high quality feed. Despite higher starting investments, from the point of view of environmental protection, RAS is a promising growing system and that has been proven by examples of commercial farm operation.
By assessing RAS and intensive "open", (flowthrough) systems through the analysis of their state cycle, it has been established that RAS, even if they use 24-40% more energy (required for water circulation and water purification), they have 26-38% less eutrophication potential and 93% less dependence on the water source. Such reduction of eutrophication potential means, that each fed kilogram of feed emits 8.1 g less suspended solid, 5.7 g less total nitrogen and 0.8 g -phosphorus.
Because the amount of fed feed has the most significant environmental effect, it is natural that the effectiveness of feed, feeding plan and culture have the largest influence on farm's state cycle indicators. It has been established that when RAS feed conversion index decreases from 1,1 to 0.8, energy consumption decreases by 9%, eutrophication potential by 16%, acidification potential by 21%, potential for effect on global warming decreases 22%, and system's trophic level decreases by 24% (Roque d 'Orbacastel et al., 2009a) .
A good example of innovative view towards increasing the intensity of aquaculture farms and respective RAS technological decisions can be seen in Denmark (SustainAqua, 2009) . Increasingly strict requirements for environmental protection in Denmark forced local breeders to either limit the use of feed (thus reducing production), or to modernize their farms by progressing towards RAS technologies. This is how the exemplar 'Danish model' RAS was born, designed for growing trout, technological decisions of which are used in the majority of modernized and newly built farms and gained significant interest to evaluate it internationally (Roque d 'Orbacastel et al., 2009b) . This systems allows to reduce the volume of used water 13 times and respectively allows to more effectively control and decontaminate waste, thus reducing the farm's effect on the environment. Research has shown that in such systems the effectiveness of nitrogen removal is 50%, of phosphorus 76% and BOD 93% (Jokumsen, Svendsen, 2010) .
Conclusions
1. The main pollution in aquaculture systems is generated by the metabolism of cultivated organisms. The total pollution produced in the system is calculated according to the amount of consumed feed. 2. Warm water farms generate waste of higher concentration because of lower water consumption and higher feed conversion ratio, typical to warm water fish species, whose digestive peculiarities and nutritional needs are different from cold-water fish. 3. In total, up to 52% of feed, fed to the fish is converted to suspended solids, in the process of mineralization of which, oxygen is consumed. 4. Fish in RAS are fed with feed with a lot of protein (30-60%) in its composition. Nitrogen from protein, used up during fish vital processes is emitted through gill -60-90% as ammonia and 9-27% as urea and together with its oxidized forms (nitrites and nitrates) occurs in RAS water mainly in dissolved form 5. As the majority of total phosphorus occurs in particulated form, it can be removed in filtration process. Additionally, the removal of dissolved phosphorus (mainly in form of phosphates (PO 4 )) is complicated, thus the main strategy of its pollution reduction is using feed that has only a marginal amount of it. 6. RAS, even if they use 24-40% more energy (required for water circulation and water purification), they have 26-38% less eutrophication potential and 93% less dependence on the water source.
